NAD can serve as both a purine and a pyridine source for Salmonella typhimurium. Exogenous NAD is rapidly broken down into nicotinamide mononucleotide and AMP by an NAD pyrophosphatase, the first step in the pathway for the assimilation of exogenous NAD. We isolated and characterized mutants of S. typhimurium lacking NAD Preparation of cell extracts. Exponentially growing cultures (100 ml) of strains to be analyzed were centrifuged to
NAD has a central metabolic role as a cofactor in oxidation-reduction reactions. In bacterial cells, NAD is synthesized de novo or from exogenous pyridines through two salvage pathways (12, 16) . These salvage pathways also serve to regenerate NAD from nicotinamide mononucleotide (NMN) formed by DNA ligase and other reactions that break down NAD (13; for reviews, see references 7, 8, and 15) . In Salmonella typhimurium, NAD pyrophosphatase is apparently the first enyzme in assimilation of exogenous NAD, catalyzing the cleavage of NAD to NMN and AMP. NAD cannot pass the inner membrane; however, NMN is taken up by S. typhimurium intact (12) . Alternatively, NMN can be broken down before uptake, generating nicotinamide (1) , which can traverse the cell membrane. Intracellular NMN or nicotinamide can then be used for the synthesis of NAD by pathways shown in Fig. 1 . The AMP moiety of NAD is also assimilated and can serve as a source of purine rings.
NAD pyrophosphatase activity can be demonstrated with intact cells; the enzyme is apparently bound to the cytoplasmic membrane, facing outward (6) . This enzyme is the major contributor to the breakdown of NAD in crude extracts of S. typhimurium. In this report, we describe the isolation of mutants deficient in NAD pyrophosphatase and the mapping of the NAD pyrophosphatase (pnuE) gene.
MATERIALS AND METHODS

Materials. ['4C]NAD, [3H]ATP, and [14C]nicotinamide
were purchased from Amersham Corp. Snake venom phosphodiesterase was the product of Sigma Chemical Co.
Bacterial strains. All strains used in this study (Table 1) were derived from S. typhimurium LT2.
Media. The low-phosphate morpholinepropanesulfonic acid medium of Neidhardt et al. (14) , with added NAD or AMP, was used for the NAD pyrophosphatase mutant isolation. In all other cases, the E medium of Vogel and Bonner (21) was used as minimal medium supplemented with 0.2% glucose as the carbon source. E medium lacking citrate was used when cells were grown on carbon sources other than glucose. Nutrient broth (8 g/liter) with NaCl (5 g/liter) was used as the rich medium. Difco agar (1.5%) was added to make solid media. The following additives were included in media as needed (final concentrations): amino acids (0.3 mM), adenine (0.4 mM), AMP (0.5 mM), NAD (0.5 mM), kanamycin sulfate (25 jig/ml in rich medium, 125 ,ug/ml in minimal medium), tetracycline sulfate (20 ig/ml in rich * Corresponding author. medium, 10 pLg/ml in minimal medium), nicotinic acid (2 pug/ ml), and streptomycin sulfate (200 pLg/ml in rich medium, 1 mg/ml in minimal medium).
Transductions Samples of the pyrophosphatase reaction mixtures were spotted on 3MM chromatography paper and developed with the citrate-ethanol system of Witholt (23) 45% isopropanol and 9.1% glacial acetic acid and stained for 2 h in a 0.25% Coomassie blue-45% isopropanol-9.1% acetic acid. Destaining was done in 10% isopropanol-acetic acid for 2 to 4 h. The vacuum-dried gel was exposed to Kodak X-Omat AR film at -700C.
RESULTS
Isolation of mutants deficient in pyrophosphatase. The identification of mutants deficient in NAD pyrophosphatase was based on the fact that this enzyme cleaves NAD to NMN plus AMP in the periplasmic space. NMN traverses the inner membrane intact or is degraded to nicotinamide; both are precursors for NAD biosynthesis. AMP is hydrolyzed to adenosine by phosphatases; the adenosine can be utilized as a purine source. Thus, NAD can be used as a source of both purine and pyridine rings in the presence of NAD pyrophosphatase.
We identified three insertion mutants which did not use exogenous NAD as an adenine source, but could use AMP. Phage P22 grown on a pool of mudJ random insertion mutants (Hughes and Roth, unpublished observations) was used to transduce an adenine-requiring strain (PurE-) to kanamycin resistance. From 40,000 selected Kanr colonies, three were found which did not grow on minimal NAD medium but grew normally on medium containing AMP. An enzyme assay was carried out on crude extracts of these mutants to determine whether they were, in fact, deficient in NAD pyrophosphatase. Two strains (TT13265 and TT13266) showed no pyrophosphatase activity (<1% of the level seen in the parent strain). The third mutant (TT13264) showed the same activity as the parental strain; we have not identified the defect preventing this strain from utilizing NAD. As a control, nicotimamide deamidase activity was also monitored; the mutants and wild type had comparable deamidase activity ( Table 2 ). The mutations causing a loss of NAD pyrophosphatase activity have been designated pnuE (pyridine nucleotide utilization).
A deletion of the pnuE gene was isolated as described in Materials and Methods. As expected, the deletion strain (TT13272) also possessed no detectable NAD pyrophosphatase activity (<1% of the level found in the parental strain).
A comparison of the rate of NMN accumulation by whole cells for a wild-type strain and a pnuE mutant is shown in Fig. 2 (Table 3) . Subsequent Hfr mapping with recipient mutations in this region narrowed the position of the TnJO to the region between unit 86 (rha) and unit 87 (glpK). We then tested the possibility of transductional linkage between insertions pnuE: :mudJ and glpK, rha, and other markers in this region (Table 4 ). Figure 3 shows a detailed map of the region including the cotransduction frequencies obtained. The pnuE gene is not linked to any known genes involved in pyridine nucleotide metabolism.
A pnuE deletion constructed as described in Materials and Methods was also cotransducible with glp and rha mutations. The deletion mutant (TT13272) is defective in the utilization of mannitol and glucose. This defect was 100% cotransducible with the PnuE-phenotype. In Escherichia coli, the pfkA locus (the phosphofructokinase structural gene) is located between rha and glpK (20) ; the E. coli pfkA mutants have the same sugar utilization as our deletion mutant, TT13272 (i.e., a deficiency in mannitol and glucose utilization). Thus, the deletion in TT13272 seems to remove both the pJkA and pnuE genes. It appears that the two best characterized enteric bacteria have different pathways for utilizing exogenous NAD as a source of the pyridine ring; both E. coli and S. typhimurium can use NAD as an exogenous pyridine source, but the major pathway for utilization of NAD appears to differ significantly. In E. coli, NMN is never observed to accumulate, and the major pathway appears to be a glycohydrolase mechanism in which NAD is directly cleaved to nicotinamide and the amide is subsequently hydrolyzed to nicotinic acid (7, 8) . In S. typhimurium, NAD pyrophosphatase is the dominant enzyme with exogenous NAD as a substrate; significant amounts of NMN accumulate in culture media when exogenous NAD is provided (Fig. 2) (Fig. 2) . In addition, strains lacking pyrophosphatase can be grown on NAD as a pyridine source if they have an intact salvage pathway for nicotinamide (PncA+ PncB+) (8 
